ABSTRACT In this paper, throughput improvement of device-to-device (D2D)-aided underlaying cellular networks is analyzed. The D2D devices are assumed to be capable of operating at the full duplex (FD) mode to enable the concurrent transmission and reception with a single frequency band. We analyze the impact of activating D2D users on the throughput of FD-based D2D (FD-D2D) aided underlaying network by considering non-ideal self-interference cancellation at the FD devices. Despite of an extra interference imposed on the cellular users (CUs) by the active D2D links, which may erode the signal-to-interference ratio of the former significantly, the FD-D2D mode is still shown to exhibit its superiority in terms of the throughput improvement. Furthermore, in order to avoid a severe FD-D2D-induced interference imposed on the CUs, a new mechanism called ''dynamic cellular link protection (DCLP),'' which prohibits the transmissions of FD-D2D users when they are located inside the pre-set guard areas, is proposed. Numerical results show that the proposed DCLP mechanism is capable of substantially improving the throughput of the underlaying cellular networks without seriously eroding the capacity of the conventional cellular links.
I. INTRODUCTION
With the rapid development of wireless communication techniques, the existed cellular networks are becoming increasingly difficult to meet the customers' exponentially growing data traffic demand [1] - [4] . Meanwhile, the base stations (BSs) (particularly that deployed in the hot spot areas) may often operate at an overloaded state due to the BS-centric architecture of the existed wireless access network (WAN), thus resulting in a serious load imbalance over the whole WAN [5] .
To successfully relieve the above-mentioned issues, the Device-to-Device (D2D) technique, which allows the proximity users to communicate directly with each other (i.e. without relying on the intervention of BSs), has been proposed by reflecting several promising advantages, such as substantially enhancing the network's throughput [6] as well as spectral efficiency [7] , extending the radio coverage of mobile users [8] , saving the devices' power consumption [9] and effectively offloading the traffic from the BS side to the mobile terminal side [10] , etc. Unlike the conventional cellular users (CUs) in the existed BS-centric WANs, the D2D peers are enabled to establish a direct link between them, thus substantially improving the signal-to-interference-plus-noise ratio (SINR) at the D2D receiver due to the mitigation of excessive power loss induced by large-scale fading.
Currently, D2D technique has attracted a wide attention in both academia and industry. In most of the existed studies, conventional half duplex (HD) mode has been overwhelmingly adopted [11] . Unlike the HD mode, the full duplex (FD) mode 1 enables a device to perform a concurrent transmission and reception in a single frequency band, thus (in theory) improving the attainable spectral efficiency by a factor of two [13] - [15] .
All the above-mentioned technical advantages have motivated us to investigate the combination of D2D communications and FD mode [11] . However, before we can successfully implement the FD based D2D (FD-D2D) technique, there still exist several challenges to address. For instance, to operate the practical D2D-based systems, the active D2D links may either occupy a dedicated resource (i.e. the resource that is orthogonal to the cellular bandwidth) [16] or reuse the CU's licensed resources [17] . Relative to the former resourceallocation scheme, the same spectrum will be shared between the DUs and the conventional CUs in the latter, thus (with a high possibility) causing a serious interference between CUs and DUs. Consequently, the interference-management techniques may constitute a major concern of D2D-enabled underlaying cellular networks. More importantly, as compared with the HD based D2D (HD-D2D) mode, the nonzero SI power may also significantly erode the performance of FD-D2D devices.
A. MOTIVATION
The interference-management techniques for D2D-aided cellular networks have been widely studied. Basically, the existing interference-management techniques can be divided into the following two categories: mode selection and resource management [18] . The mode selection based technique enables the mobile users to choose an appropriate operational mode from the two candidates, i.e. the conventional cellular mode and D2D. The resource management based technique, on the other hand, is capable of optimizing the network performance by properly allocating resources, such as power, time slots and radio spectrum, to the mobile users [19] . In each category, the interference imposed on the mobile users by the active D2D links may always erode the performance of the former. For instance, it could instantaneously impose a severe interference on the conventional CUs if the geographically close-by D2D links are being activated. Furthermore, the DU-to-DU interference may even deteriorate the performance gain of the whole D2D system. Despite all this, the D2D technology still reveals a lot of technical advantages. In particular, FD-D2D technique is of a great potential in improving the throughput of the whole underlaying network due to the following reason: Intuitively speaking, an efficient and straightforward way of minimizing the impact of D2D-imposed interference on the conventional CUs might resort to the method of extending the D2D mute duration (i.e. corresponding to suppressing the active duration of D2D peers), provided that the given amount of data can be successfully exchanged between D2D peers. When we need to exchange a given amount of data between D2D peers, either HD or FD mode can be employed in the D2D communications. As compared to the former, the latter is (in theory) capable of doubling the data rate, corresponding to cutting the D2D-active period by half. Although the average interference level imposed on the CUs by the FD-D2D users becomes higher than that by the HD-D2D users, the accumulated performance losses due to the former are still expected to be lower than that induced by the latter, because the average data transmission duration (i.e. the D2D-induced interference period) 3 required in the latter is almost two times of that in the former. Obviously, it would be beneficial to improving the throughput of the D2D-aided cellular networks by employing FD mode rather than HD mode, because FD-D2D is shown to be helpful to substantially expediting the completion of D2D services for a given amount of data to be exchanged between D2D pairs.
B. RELATED WORKS
In order to alleviate the limitations observed in the conventional BS-centric WAN architecture in terms of constrained radio coverage and service-providing capability, the cellular networks with an integration of D2D mode has attracted a wide attention. In light of the fact that an additional interference will be imposed on the CUs by the active D2D links, an appropriate interference management technique (e.g. techniques of mode selection and resource allocation) may play a critical role in optimizing the performance of D2D-aided underlaying cellular networks. For instance, a mode selection scheme [20] can be carried out by estimating the achievable transmission probability of both the CUs and DUs, with the qualities of the D2D/cellular links under various interference situations considered. Furthermore, the sum-rate of the underlaying networks can be optimized by jointly performing mode selection and resource allocation techniques subject to the constraints of spectral efficiency and power consumption. Three link-sharing strategies, including non-orthogonal sharing mode, orthogonal sharing mode and cellular mode [21] , are considered in the above-mentioned joint scheme. Moreover, to enhance the capacity of D2D-aided networks, authors in [22] proposed a new scheme to enable the CUs to be capable of reserving a part of their transmission power for performing the D2D mode. In addition, the authors in [23] formulated a joint-optimization problem by combining the schemes of mode selection, resource allocation and power allocation in a multi-cell network, in which a distributed sub-optimal heuristic algorithm can be employed for solving 3 Note that a given amount of data is always assumed to be exchanged between HD/FD-D2D peers.
the NP-Hard problem encountered in the proposed jointoptimization scheme.
Despite all that, almost all the existing works overwhelmingly considered HD-D2D mode rather than FD-D2D mode. Basically, FD mode would be much more suitable for D2D communications than HD mode does due to its capability of doubling the spectral efficiency of WANs (provided that a proper SI cancellation scheme can be performed in the former so as to maintain a relatively weaker SI level at the FD-D2D devices). Recently, some preliminary studies on adopting FD mode in D2D communications have been carried out. For instance, an interference-suppression mechanism for FD-aided cellular networks is proposed in [24] by properly designing the transmitted signals for the D2D links. Furthermore, authors in [25] proposed an FD-relaying scheme to enable the operation of underlaying D2D-cellular networks. In addition, the throughput-maximization problem in FD-D2D mode has been formulated and solved by employing the schemes of resource sharing [26] and power allocation [27] . Last but not least, all the above-mentioned works have considered a relatively simple scenario (i.e. in most cases, a single-cell scenario containing only a single FD-D2D pair was considered). Basically, the spatially distributed BSs and CUs in practical scenarios would, to a large extent, impact the accumulated interference of the objective users. Furthermore, most of the existing works have considered only the sum-rate maximization of the underlaying networks, while lacking of the analysis on the critical issues that would significantly erode the quality of cellular links. Intuitively speaking, the DU density will play a critical role in impacting the performance of D2D-aided cellular networks [28] .
Another important issue caused by employing D2D technology is the increased risk of upsetting the fairness among the users in terms of resource allocation priority. Compared with the cellular links, the D2D links are capable of offering a much higher data rate, thus making the system tend to tilt toward the DUs when allocating the resources. Consequently, the above-mentioned tendency may result in a significant traffic-load hungry in the conventional CUs, if the objective function of the underlaying network is simply set to be ''pursuing the sum-rate maximization''. To avoid the abovementioned risk, a received signal strength (RSS) threshold based scheme has been proposed in [29] for preventing any user from activating the D2D mode if the RSS from the nearest BS is higher than a specified threshold. Furthermore, in [30] , the authors proposed a new scheme to enable the data-rate maximization in the underlaying networks by guaranteeing the predefined service levels of the CUs in a distributed manner. However, the authors in [30] failed to derive the closed-form expressions for the performance indexes of coverage probability and data-rate.
C. MAIN CONTRIBUTIONS
In this paper, we investigate the performance gain in the underlaying networks by employing FD-D2D technique in the scenario of spatially distributed multiple cells, with the sum network throughput analyzed. A new scheme referred to as ''Dynamic Cellular Link Protection (DCLP)'' is proposed by considering the impact of the distance between the objective CU and its serving BS. The main contributions of this paper are reflected in the following three aspects: 1) Based on the theory of stochastic geometry, a new framework is established for modelling and analyzing the throughput of cellular/D2D links. Both the FD and the HD modes are considered in the new framework. Furthermore, we analyze the tight throughput bounds of the FD-D2D based underlaying network by deriving the closed-form expressions for those bounds.
Although the FD-D2D mode may impose a higher interference on the mobile terminals than that imposed by the HD-D2D mode, the former still exhibits its superiority in terms of the sum throughput. 2) Although the sum throughput of underlaying network can be substantially improved by activating FD-D2D mode users, there always exists a break-even point in the attainable performance gain of the FD-D2D aided underlaying networks, beyond which the sum throughput cannot be further increased by simply increasing the density of DUs (i.e. because of the negative effect of overloaded interference on the sum throughput). The break-even point of the FD-D2D aided underlaying networks will be identified in this paper. 3) To guarantee the quality of conventional CUs, a DCLP mechanism is proposed to prevent the FD-D2D users from transmitting if they are located inside the pre-set guard areas. The radius of the guard area is parameterized by the distances between the objective CUs and their serving BS. By implementing the proposed DCLP mechanism, the signal-to-interference ratio (SIR) of the cell-edge CUs would not become intolerably low. The remainder of this paper is organized as follows. In Section II, the system model for the proposed FD-D2D aided underlaying cellular networks is described. The theoretical analysis for the transmission rates in both the FD and the HD modes are provided in Section III, followed by proposing the DCLP mechanism in Section IV. Furthermore, numerical results are given out by Section V. Finally, Section VI concludes this paper.
Notation: P{•} represents the probability of an event, and E{•} denotes the expectation operation. S {•} stands for the successful transmission probability of a wireless communications link, and T {•} represents the throughput of a wireless communications link. Furthermore, L{•} denotes the Laplace transforms of a random variable.
II. UPLINK SYSTEM MODEL FOR FD-D2D BASED UNDERLAYING CELLULAR NETWORKS
In this paper, a cellular system comprising multiple BSs and mobile user equipments (UEs) is considered. The proposed system model in terms of network architecture, communication link modelling and interference analysis is given out in the following subsections. 
A. NETWORK ARCHITECTURE OF THE PROPOSED UNDERLAYING NETWORKS
In this section, we assume that the BSs and the conventional CUs are spatially distributed within a given geographical area according to the models of classical homogeneous Poisson point process (PPP) 4 b and c of intensities λ b and λ c , respectively. Without loss of generality, orthogonal resource allocation is assumed to be performed among co-BS CUs for effectively mitigating the intra-cell interference. Furthermore, the DUs are assumed to be geographically scattered within the cellular coverage according to an independently marked PPPˆ d = {x i , m(x i )}, where the ground process d = {x i } with intensity λ d represents the location of one side of the (FD mode) D2D pair, and the marked process {m(x i )} represents the other side of the D2D pair that x i communicates with. In addition, we assume that the correspondent FD-DU is randomly distributed around its D2D peer with an average distance
are satisfied, where the parameters ϕ i are assumed to be independently and uniformly distributed (i.i.d.) in [0, 2π ). In Fig. 1 , we illustrate an example of the Poisson-Voronoi cell tessellation, with the red asterisks representing the BSs, while the circles and points denoting CUs and DUs, respectively.
B. SIR ANALYSIS FOR BOTH THE CELLULAR AND D2D LINKS
We consider an FD-D2D aided underlaying cellular network, in which the conventional cellular links are assumed to be 4 Note that in the practical environment, the BSs' distributions are different from the standard PPP, and the Poisson-Voronoi cell tessellation can only serve as an approximation of the actual cellular cells, because the BSs' locations are usually carefully planned by the operators rather than randomly distributed according to the principle of random process. The main reason for us to adopt the PPP model in this paper is to keep the analysis tractable. In fact, PPP distribution can be considered as a worst-case scenario of the cellular systems. The excellent properties of PPP make it tractable of capturing the major random features of cellular system and deriving the closed-form expressions of some performance indicators such as SIR distribution [31] . operated at the HD mode, while the D2D links are operated at the FD mode. According to the existing standards such as ProSe [32] , the cellular network's uplink resources are reused for implementing the D2D communications. Without loss of generality, orthogonal resource allocation is assumed to be performed among co-BS CUs.
To model the cellular/D2D links as well as the interference links, both the large-scale power law propagation model and the small-scale (e.g. Rayleigh fading) model are taken into account. Particularly, by considering the transmitter-toreceiver distance d and transmit power p, the signal power received at a receiver can be denoted by s = p·h ij ·d −α , where h ij stands for the exponentially distributed fading coefficient between the transmitter i and the receiver j (i.e. Rayleigh fading is assumed), and α represents the standard path loss exponent subject to constraint α > 2. Furthermore, the i.i.d. links are assumed in the above-mentioned model, cor-
In the following, a constant transmit power is assumed in each UE, with P c and P d denoting the transmit power of CUs and DUs, respectively. The received SIR of a typical cellular link and a D2D link can be expressed as
respectively, where
m(x i )b ) denotes the interference power imposed on CUs by FD-mode DUs, I dd = stands for the interference power imposed on DUs by CUs, I SI = P d /c si denotes the residual SI observed in the FD devices after performing SI cancellation, 5 and c si denotes the SI cancellation coefficient (i.e. a larger coefficient implies a higher SI cancellation capability).
C. SUCCESSFUL TRANSMISSION PROBABILITY OF THE WIRELESS LINKS
We define the successful transmission probability (STP) of a cellular/D2D link as the probability that the quality of a randomly chosen link successfully reaches its predetermined target SIR threshold ε, as represented by
5 Many existing SI cancellation techniques can be employed for reducing the SI power to a very low level. However, SI cancellation is beyond the scope of this paper. The interested readers may refer to [13] for details.
respectively. Note that STP here is equivalent to the concept ''coverage probability'' that defined in some other literatures [33] .
III. THROUGHPUT FOR FD-D2D BASED UNDERLAYING CELLULAR NETWORKS
In this section, the theory of stochastic geometry is employed for modelling and analyzing the throughput of the proposed underlaying system. Specifically, the throughput of FD-D2D based underlaying cellular networks in the presence of non-zero residual SI power will be analyzed.
A. STP OF A TYPICAL LINK
From the Slivnyakąŕs theorem [34] , the statistical property of a typical node located at a specific position holds true for any generic node located at any generic location. Without loss of generality, we assume that the node of interest is located at the origin of the plane.
• For a typical cellular link, the STP can be represented as
where L I cc (s) and L I dc (s) denote the Laplace transforms (evaluated at s) of random variables I cc and I dc , respectively, as given by
• For a typical FD-D2D link, the STP is represented as
where
respectively, with δ(ε, α) = 2π ε 2/α α sin(2π/α) .
The Proof of above-mentioned derivations are given out in Appendix A.
Since the closed-form expression for the STP of a typical link is hard to derive, if not impossible, the tight bounds for the STP will be employed instead. 
respectively. The proof of Lemma 1 is provided in Appendix B. 
respectively. The proof of Lemma 2 is similar to that of Lemma 1.
B. THROUGHPUT ANALYSIS OF THE FD-D2D AIDED UNDERLAYING CELLULAR NETWORKS
One of the purposes of implementing the FD-D2D aided underlaying networks is to increase the sum throughput of the whole network. While the throughput of a D2D link can be increased by employing FD-D2D technique, an additional D2D-induced interference may be imposed on the geographically close-by UEs. In this subsection, we investigate the throughput of the FD-D2D aided underlaying cellular networks and analyze the attainable throughput gain in FD-D2D over HD-D2D. First, let us define the sum throughput of a network as T = λS log(1 + ε), where λ denotes the density of nodes, S represents the STP of a typical link and ε stands for the SIR. From the above-mentioned definitions, the sum throughput of the FD-D2D aided underlaying cellular network can be given by
Lemma 3: In the FD-D2D aided underlaying cellular networks, the optimal density of DUs in terms of the sum
.
Proof: Since the density of DUs is usually much higher than that of the BSs in underlaying networks, the throughput of the underlaying networks can be approximated as Lemma 3 leads to the following observation: when the density of DUs is relatively low, the throughput of the network can always be enhanced by increasing the number of DUs until a break-even point is approached (i.e. beyond which point the performance gain cannot be further increased, and the sum throughput will be eroded by further increasing the number of DUs). We can explain this observation as follows: When the density of DUs becomes extremely high (i.e. beyond the break-even point), the cellular systems will become interference-overwhelmed, making the performance gain brought about by increasing the DUs be unable to counter-balance the capacity loss induced by the rapidly increased interference.
In order to evaluate the advantages of the FD-D2D technique with respect to the HD-D2D in terms of sum throughput gain, as a benchmark, we first derive the STP of a typical cellular and D2D link in HD-D2D aided underlaying cellular network as
respectively.
Lemma 4:
The throughput gain brought about by employing the FD-D2D mode with respective to the HD-D2D mode can be derived as
Meanwhile, in order to guarantee the FD-D2D technique to obtain the advantage of HD-D2D technique in terms of sum throughput, the amount of SI cancellation must satisfy the
Proof:
The throughput of the HD-D2D underlaying network can be approximated as
The proof of Lemma 4 can be straightforwardly obtained by making the minimum of T f /T h to be larger than 1, as given by
Evidently, the superiority of FD-D2D over HD-D2D in terms of sum throughput mainly comes from the essential of concurrent transmission and reception at the former, corresponding to the factor-2 gain reflected in the throughput formula. However, this factor-2 gain is not fully attainable in practical designs mainly due to the performance erosion induced by the residual SI in FD devices. If, on the other hand, the amount of SI cancellation is less than εD α
, the HD-D2D mode may occasionally outperform the FD-D2D mode.
Here we need to emphasize that the above-mentioned (theoreticalčľ factor-2 gain is completely determined based on the physical-layer FD gain. In addition to the essential physical-layer gain of FD mode, the characteristic of services in practical systems will also have an impact on the FD-D2D gain. In practical systems that enable the D2D mode, a pair of D2D peers usually create the D2D link between them once there comes an amount of data to be exchanged between them, and this D2D link will be immediately removed if the data exchange is completed (i.e. for the purpose of releasing the occupied spectrum resources). In other words, D2D mode is essentially service-oriented and an active D2D link is maintained when and only when a service demand emerges between a pair of D2D peers. For a given amount of data to be exchanged between a pair of D2D peers, employing FD-D2D corresponds to shortening the D2D-imposed interference period to half of that by employing HD-D2D, because the FD mode is (in theory) capable of achieving two times the data rate of the latter under the same bandwidth utilization. Although the instantaneous interference level imposed on the CUs by the active FD-D2D links (during the data exchange period) is higher than that imposed by the active HD-D2D links, the FD-D2D induced interference can be quickly terminated as compared to the HD-D2D mode, provided that the D2D links will be removed immediately after the dataexchange process being completed. From this point of view, for a given block of data to be exchanged between D2D pairs, FD-D2D is helpful to substantially expediting the completion of D2D services, as shown in Fig.7 . Since a relatively longer interference-free period is expected to be obtained by employing FD-D2D, it has always been able to gain the advantage with respect to HD-D2D mode in terms of sum throughput.
IV. DYNAMIC CELLULAR LINK PROTECTION MECHANISM
As analyzed in Section III, the interference-period-expediting effect observed in employing FD-D2D mode is beneficial to improving the sum network throughput from a statistics perspective. However, as the density of DUs increases, the conventional CUs may fail to communicate with their serving BSs due to the impact of severe D2D-induced interference. In this case, the throughput of the conventional CUs is eroded to some extent. In order to mitigate the above-mentioned performance erosion in CUs, we may offer the conventional CUs a higher priority than the DUs in terms of wireless resource allocation. To this end, a new resource allocation mechanism referred to as ''DCLP'' is proposed for preventing the FD-D2D users from guard range.
A. THE PRINCIPLE OF THE DCLP MECHANISM
Recall that the FD-D2D pairs will reuse the cellular's licensed spectrum, 6 the interference imposed on the cellular uplink by the active D2D pairs can be formulated as a function of the DU-to-BS distance. Evidently, this kind of D2D-induced interference can be reduced by keeping DUs away from BS. For the sake of guaranteeing the quality of cellular links, a new concept referred to as ''guard area'' from the perspective of cellular links (or in other words, ''restricted zones'' in terms of D2D links) can be defined as a BS-centered geographical area with radius R p = k · r, where k is the DCLP coefficient and r denotes the distance between CU and BS. Within this guard area, the D2D transmitters must keep silent.
For further explaining the concept of ''guard area'', it does not mean that the DUs in the guard area of interest will definitely be deactivated under all resource-allocation conditions. Note that the resource occupied by the CUs are orthogonal to each other, and the guard areas of different CUs usually do not overlap with each other. As long as the DUs' spectrum does not collide with any CU associated with the objective guard area, the DUs inside this objective guard area can still be activated.
When we define the range of ''guard area (i.e. restricted zones)'', the variation of cellular links' quality should be taken into consideration. In other words, the guard area is a dynamic rather than static function of the average length of cellular links. The dynamic essence of the cellular links enables the creation of D2D links by considering the following scenarios:
• When a relatively higher quality of the cellular links can be obtained (i.e. the CUs are geographically closed to the BSs), a more relieved constraint on the creation of FD-D2D links is permitted, corresponding to defining a relatively smaller ''guard area''. In this case, the FD-D2D links may lead to a substantial improvement in terms of the sum network throughput;
• When the cellular links have a relatively lower quality (i.e. the CUs are far away from the BSs), a relatively wider ''guard area'' will be determined to prohibit the creation of FD-D2D links inside this area. This extended ''guard area'' will substantially decrease the D2D-imposed interference on CUs.
B. STP ANALYSIS UNDER THE DCLP MECHANISM
In light of the fact that the DCLP mechanism does not influence the distribution of CUs, the parameters L I cc and L I cd defined above will not be modified under DCLP. In this case, the only parameters we need to modify will be I n dc and I n dd . Under the DCPL mechanism, the distribution of DUs no longer follows a standard PPP. Instead, a Poisson Hole Process (PHP) is employed for better modelling this probability distribution [35] . 6 For example, as specified in the existing standard ProSe [32] , the licensed uplink spectrum will be reused by the DUs. can be derived as
is reflected at the domain of the integration. Specifically, for a typical cellular link, the receiver of interest (i.e. BS) is located inside the nearest hole, which is totaly different from the case of a typical D2D link, in which the receiver of interest (i.e. DU) does not locate inside any holes.
By taking (19) and (19) into (5), (8) and (15), the STP under DCLP mechanism can be obtained. However, a closedform expression for STP is still hard to obtain, if not impossible. For succinct, we derive the tight approximation for it. Note that the contribution of geographically close-by holes on the STP is much higher than that contributed by the holes located farther away due to the impact of path-loss effect. Therefore, we consider only the close-by holes by ignoring the impact of the holes of longer distance. Obviously, an approximation error lower than the actual value will appear due to the ignorance of holes of lower weights. As a compensation, we adopt the upper bound of the STP to correct it.
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Lemma 5: The STP of cellular and D2D link under the DCLP mechanism can be approximated as
and
1+x 2/α dx. The tightness of the above-mentioned approximation will be evaluated relying on numerical analysis. In order to mitigate the above-mentioned issue, the proposed DCLP mechanism must be capable of guaranteeing the minimum quality of cellular links. Under the DCPL mechanism, we can useλ
to denote the equivalent density of DUs. The throughput under DCLP mechanism can thus be represented as
The throughput-maximization problem under DCLP mechanism can thus be formulated as
where O c (k) = 1 − S c (k) denotes the outage probability of cellular link (i.e. corresponds to the complement of STP).
It is straightforwardly observed that T DCLP and O c (k) are both monotonically decreasing functions of k, thus giving out the optimal DCLP coefficient as k
For a given realization of α (e.g. α = 4), k * can be obtained as
V. NUMERICAL RESULTS
In this section, we first evaluate the performance gain in terms of throughput offered by employing FD-D2D mode in underlaying cellular networks, followed by exploring the benefits brought about by implementing the proposed DCLP mechanism on the cellular links' performance. Without loss of generality, the licensed uplink band is reused by the DUs, with i.i.d. Rayleigh fading channels considered in each link. Furthermore, the path-loss exponent α is set to 4 (i.e. corresponding to the typical urban environment). In the following simulations, an objective environment with area 1000 × 1000m 2 , within which both BSs and DUs (with density of 5 * 10 −6 and 10 −4 , respectively) can be served. Furthermore, an orthogonal resource allocation among CUs is assumed, thus requiring the average number of instantaneous active CUs per cell to be 1. In addition, the average length of D2D links is assumed to be 30 m, with the transmit powers of CUs and DUs assumed to be 24 dBm and 20 dBm, respectively. The detailed parameter settings are shown in Table 1 . 
A. BENEFITS IN TERMS OF THROUGHPUT BROUGHT ABOUT BY FD-D2D
In this subsection, the performance comparison between the FD-D2D and conventional HD mode in terms of STP and throughput are performed. As shown in Fig. 3 and Fig. 4 , the theoretical STP bounds of both cellular and D2D links are tight enough. As compared to the HD-D2D aided networks, both the cellular and D2D links suffer from a higher D2D-induced interference by employing the FD-D2D mode, thus leading to a remarkable STP loss in both links. In Fig. 5 , it evaluates the throughput gain brought about by employing FD-D2D under a variety of SI cancellation levels. As long as the SI cancellation capability is no higher than 60 dB, the throughput gain in most cases will be less than 1, implying that the HD-D2D mode outperforms the FD-D2D mode in terms of throughput. However, the FD-D2D mode exhibits its superiority in terms of the throughput if the SI-cancellation capability approaches 80 dB.
In Fig. 6 , it illustrates the performance comparison between HD-D2D and FD-D2D modes in terms of throughput under various D2D densities. Evidently, the throughput can be improved as the D2D density increases. However, the way of improving the spectral efficiency by unlimitedly increasing the number of D2D links is shown to be not sustainable. As a result, the throughput may be eroded by further increasing the DUs density (i.e. beyond a critical break-even point). We may explain it as follows: In scenarios of sparse D2D distributions, activating more D2D pairs implies contributing more throughput via D2D links. With dense D2D distributions, on the other hand, the whole system becomes interference-overloaded, in which case the performance improvement brought about by increasing D2D pairs cannot counter-balance the throughput losses induced by the severe interference imposed by D2D links. Furthermore, as indicated by Fig. 6 , the lower bound of maximum throughput obtained by employing the FD-D2D mode is almost equal to that obtained by employing the HD-D2D mode, with the optimal DUs density of the former being nearly half that of the latter. This is because the lower bound of interference imposed on the FD-D2D nodes comprise two dependent PPPs, which can be treated by using two independent PPPs with the same density, corresponding to creating a (summed) PPP with twofold density.
In Fig. 7 , the performance gains brought about by employing HD-D2D and FD-D2D modes in terms of the average link spectral efficiency are compared. To be fair in comparison, a fixed-size block of data will be exchanged between each pair of D2D peers during their D2D-activate period. In spite of the fact that the above-mentioned case may not always happen in practical situations, it would still be regarded as a very typical scenario that a D2D link between two D2D peers will be created once the D2D peers have data blocks to share. In other words, the D2D links are activated in a service-driving manner. Note that the D2D links will be immediately closed after the data exchange is completed in order to mitigate the D2D-induced interference on the neighboring CUs/DUs. Furthermore, it is straightforward to conclude that the conventional CUs will suffer from a much more severe interference in the presence of geographically close-by activating FD-D2D links (i.e. due to the fact that the VOLUME 4, 2016 average level of FD-D2D-induced interference imposed on the CUs is doubled compared with that induced by the HD-D2D mode). However, as an advantage, the FD-D2D mode is capable of completing the procedure of fixed-size-data exchange much quicker than the HD-D2D mode does, thus substantially shortening the interfering duration induced by activated FD-D2D links as compared with the latter. Consequently, in a statistical sense, the FD-D2D is likely to be more efficient than the HD-D2D in terms of the sum throughput of the whole underlaying network, despite of a much lower average interference imposed by the latter. As shown in Fig. 7 , the area below the curve stands for the sum throughput during a D2D-active period, showing that the FD-D2D is capable of improving the sum throughput in consideration of the scenario of fixed-size-block exchange between D2D peers.
B. THE IMPACT OF THE DCLP MECHANISM
Under the proposed DCLP mechanism, the DUs located inside the BS-centric guard area of radius R p = k · r are not allowed to transmit. As shown in Fig. 8 , the STP may be impacted by variant settings of cellular-link-protecting-radius coefficient k according to the proposed DCLP mechanism. It is shown in Fig. 8 that the theoretical approximation derived in Lemma 5 matches the simulation well, especially when the DCLP coefficient is lower than 0.7.
In Fig. 9 and Fig. 10 , the sum throughput of cellular and D2D links will be compared by considering the following three schemes, i.e. scheme #1: all D2D links are activated, scheme #2: fixed protecting-radius, and scheme #3: DCLP mechanism). Both scheme #2 and scheme #3 are shown to be capable of improving the throughput of the cellular links. However, since some D2D links are inactivated in the abovementioned two schemes, the throughput of D2D links will be eroded inevitably. Furthermore, an identical throughput at the D2D links can be obtained by employing scheme #2 (with a fixed radius 100m considered) and scheme #3, with an additional gain in terms of cellular links' throughput obtained by employing the latter. The performance gains of scheme #3 comes from the fact that the DCLP mechanism is able to adjust the protecting-radius dynamically according to the cellular links' instantaneous quality.
In Fig. 11 , it compares the cumulative distribution functions (CDFs) of the average throughput in the cellular and D2D links. Since some D2D links will be inactivated when implement the DCLP mechanism, the D2D-induced interference can be substantially suppressed. Evidently, the DCLP mechanism is capable of facilitating a higher average throughput of both cellular and D2D links than scheme #2. Furthermore, the DCLP mechanism also shows the superiority over the scheme #2 in terms of average link (i.e. with respect to both cellular and D2D links) throughput.
VI. CONCLUSION
In this paper, the benefits brought about by implementing FD-D2D mode in underlaying networks was analyzed. It was shown that the FD-D2D technique is capable of improving the throughput of the underlaying networks, provided that the SI power can be substantially reduced. Meanwhile, the tight bounds of throughput were derived. It was shown that the throughput of the underlaying network cannot be infinitely increased by simply increasing the density of DUs, and a break-even point appears once the interference has become the main factor restricting the performance of the system. Furthermore, to guarantee the quality of cellular links, we further proposed a DCLP mechanism to prevent the D2D links from being activated within the pre-set guard area. Numerical results showed that the proposed DCLP mechanism is capable of improving the cellular links' throughput without significantly eroding the throughput of the D2D links. In addition, it was also shown that the proposed DCLP mechanism is capable of providing a higher throughput than the ''fixed protecting-radius'' scheme does.
APPENDIX A
It is straightforward to derive the equations (5), (6) , (8) and (9) . In this section, we only focus on the derivations of (7) and (10) . Based on the analysis of [36] , the Laplace transforms of I dc can be given by
where the last two steps are given out by changing the Cartesian integral to the polar integral. A similar derivation is employed in (10) .
APPENDIX B
Since the closed-form expression is hard to obtain in resolving f (s, D d , α), we need to derive the bounds of L I dc (s) and L I dd (s). From [36] , the lower bound of L I dc (s) can be derived as
in which the inequality follows the FKG inequality [34] . By combining (5), (6) and (26), after performing the integral, (11) can be derived. The upper bound of L I dc (s) can then be given by
in which the inequality follows the Cauchy-Schwarz inequality. By combining (5), (6) and (27) , after performing the integral, (12) can be derived.
APPENDIX C
For a typical cellular link, the hole of DUs can be classified into two groups, i.e. the nearest hole and the remainders. The reason for us to make this classification is that the receiver of interest (i.e. BS) is located inside the nearest hole (but outside the remainders). In other words, when the remainders are randomly distributed, the location of the nearest hole will act as the dominant role. Therefore, the holes must be treated differently.
Without loss of generality, we denote the nearest hole by H 0 (b 0 , kr 0 ) and the remainders by H i (b i , kr i ), b i ∈ b . The Laplace transforms of I n dc can be given by VOLUME 4, 2016 
